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(57) Reactor (1 1 ) for containing high pressure, high 
temperature, corrosive reactions, especially supercritical 
water reactions. The reactor (11) comprises an inner 
reactor vessel (10) which houses the corrosive reaction, 
an outer containment vessel (12) which contains a sub- 
stantial level of the pressure, and insulating means (14) 
to contain the high temperature of the inner reactor (1 0), 
which prevents the outer containment vessel (12) from 
rising above a specified maximum temperature. Using 



this reactor (11), the lifetime and reliability of the materi- 
als of construction are increased because the outer pres- 
sure-containing vessel (12) does not experience the high 
temperatures which tend to cause metals and alloys to 
lose ductility, and the inner reactor vessel (10) does not 
experience a high pressure drop across its walls and, 
therefore, can be made of temperature and corrosive- 
resistant materials which are not required to sustain high 
stress without failure. 
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Description 

BACKGROUND OF THE INVENTION 

5 The present invention relates to the containment of high temperature, elevated pressure, corrosive reactions, such 
as supercritical water reactions and supercritical water oxidation reactions. 

As used herein, "supercritical water reaction" refers to the broad class of chemical reactions occurring in a mixture 
containing a substantial portion of water at conditions near or above the critical point of pure water (the critical point of 
pure water is at 374.2°C and 217.6 atm). Such reactions are unique in that the properties of water at these elevated 

10 temperatures and pressures are much different than at ambient conditions. Supercritical and near-supercritical water 
possess unique solution, catalytic and dielectric properties and can be highly corrosive. Salts tend to precipitate out of 
solution, while the water itself tends to act like a strong organic solvent as well as a catalyst for many organic degradation 
reactions. 

"Supercritical water oxidation reaction" refers to a supercritical water reaction in which oxidant (e.g., H 2 0 2 , O z , air) 
15 is added which reacts with an oxidizable substance (e.g., an organic) contained in the feed mixture. 

Efficient containment of such reactions has become a major concern in commercialization of supercritical water 
processes due to the corrosive conditions, and the high pressures and high temperatures often required for optimum 
reaction pathways/kinetics. A current problem with existing commercial supercritical water oxidation reactor designs is 
that they all require materials which will, over a substantial period of time, withstand: (1 ) the high pressures of the reaction 
20 (greater than about 21 7 atm, or 31 98 psi, or 21 ,980 KPa), (2) the high temperatures of the reaction (greater than about 
374°C, often in excess of about 450°C), and (3) the corrosive conditions that may occur. No known materials exist which 
will handle all of these conditions simultaneously. 

Metal alloys tend to embrittle (de-anneal), as well as experience creep, when exposed to high temperatures such 
as those encountered in supercritical water oxidation reactions. This is especially the case for corrosion-resistant metal 
25 alloys such as nickel/chromium/iron blends, which embrittle near 500°C. This fact, coupled with the likelihood of corro- 
sion-induced pitting or crazing on the surface of the metal alloy due to the corrosive nature of some supercritical water 
oxidation reactions, demands that an alternative material be used to contain the high pressure of the supercritical water 
oxidation reaction. 

Certain ceramics and glasses are very resistant to corrosion, but do not possess the mechanical strength to contain 
30 the high pressures typical of supercritical water oxidation reactions. Some exotic metals and metal alloys are also cor- 
rosion-resistant, but may embrittle and/or creep at high temperatures under strain, or be cost-prohibitive to use on a 
commercial basis. 

References exist in the literature regarding attempts to contain the high temperatures and/or pressures and corrosive 
natures of certain reactions, e.g., US Patents 5,094,753 and 5,132,014 Allington et. al.; 5,160,624 and 5,198,197 Clay 

35 et. al.; and 5,173,188 Winter et. al., teach the incorporation of a removable extraction cartridge used for supercritical 
fluid extraction. The removable cartridge has an insignificant pressure difference between its inside and outside walls, 
so that it need not have the strength to withstand significant pressures and can be made out of, e.g., molded plastic for 
disposable use. The extraction vessel is installed in a heated high pressure vessel. However, the extraction vessel would 
not effectively contain a high pressure, high temperature, corrosive reaction since, even if the cartridge was made of a 

40 corrosion-resistant, temperature resistant material, which is not taught, the same high temperature would be experienced 
by the entire apparatus, both inside and outside walls. Since the outside walls would be metal, embrittlement, loss of 
ductility and/or creep would eventually lead to failure of the pressure-containment vessel. 

Battelle Pacific Northwest Laboratories (Richland, WA) has disclosed a reactor which "uses a thin insert of a cor- 
rosion-resistant metal, such as titanium or zirconium, that fits close to the wall of a carbon-steel pressure vessel". The 

45 space between the two is filled with a commercial high-temperature heat transfer fluid. The insert is designed so that it 
can expand toward the pressure vessel outer wall when pressurized. The heat transfer fluid balances the pressure (as 
described in Chemical Engineering Ma gazine. December, 1992, page 17). This concept is similar to Allington et. al. in 
that an outer vessel contains the high pressure while the inner vessel does not experience a large pressure drop across 
its walls. However, neither Allington et. al. nor Battelle's publication addresses the failure of the pressure-containing 

so vessel when exposed to extended high temperatures such as those of supercritical water reactions. Rather, Battelle's 
publication teaches transfer of heat from the inner to the outer vessel using a heat-transfer fluid. This type of reactor has 
the following disadvantages: when the outer carbon-steel vessel is exposed to high temperatures, e.g., in the range of 
about 400«700°C, it will lose its ductility and may no longer be able to safely provide sufficient strength to contain the 
pressure. Its effective life is shortened by being brought to high temperatures. 

55 Swift et. al. in US Patent 4,670,404, teaches of using a thin-walled cylindrical batch reactor which is thermally insu- 
lated from the walls of a surrounding containment unit, as a pilot apparatus to design full-scale processes and emergency 
pressure-relief systems. However, Swift et. al. do not address or solve the problem of a potentially corrosive reaction, 
nor do they address the material concerns associated with an extended high-pressure, high temperature reaction. 
Rather, their focus is solely to design an emergency relief system which will operate regardless of whether a liquid or 
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gas is discharged from the reactor containing a runaway exothermic reaction. No specific mention is made of containing 
a high pressure, high temperature, corrosive reaction. 

Binning et. al., in US Patents 4,721,575 and 4,869,833, teach a tubular plug-flow wet-oxidation reactor in which 
walls are exposed to potentially large pressure drops, while being immersed in a liquid heat-transfer fluid contained in 
5 a containment vessel. No solutions were disclosed for containing a high pressure, high temperature, corrosive fluid within 
the reactor for an extended period. Rather, Binning et. al. focused on improved mixing inside the reactor due to its curved 
shape. 

In US Patent 5,100,560, Huang et. al. teaches a supercritical water oxidation reactor which serves to remove pre- 
cipitates from the reaction zone as they are formed, but Huang has in no way addressed the issue of high temperature, 
jo high pressure, corrosive conditions as in a supercritical water environment. 

In US Patent 4,792,408, Titmas et. al. teaches an underground deep-well injection reactor but Titmas et. al. have 
in no way addressed the issue of high temperature, high pressure, corrosive conditions as in a supercritical water envi- 
ronment. 

Significantly, none of these references in any way discloses or suggests a means to contain high temperature, high 
15 pressure, corrosive reactions such as supercritical water reactions in an effective, economical and reliable way. 

It is an object of the present invention to provide a "reactor within a vessel," in which the "inner" reactor contains 
the supercritical water oxidation reactants and products, and is made of a material which is resistant to corrosion and 
can withstand high temperatures, while the "outer" vessel contains the high pressure at a temperature substantially 
lower than the "inner" reactor. 

20 The reactor of this invention withstands both the operating conditions and corrosive nature of such reactions in a 
way that is efficient and adaptable to commercial operations. 

Rt IMMARY OF THE INVENTION 

25 In view of the foregoing background, it is an object of the present invention to provide a method for containing a high 
temperature, high pressure, corrosive reaction adaptable to a commercial-scale system. More particularly, it is an object 
of the invention to provide a method to contain such a reaction with corrosion-resistant and high temperature-resistant 
materials without subjecting these materials to severe stresses which might cause failure. It is also an object of the 
invention to provide a method to contain the high pressure of the reaction using pressure (stress/strain) -resistant mate- 

30 rials without subjecting these materials to high temperatures or to corrosive conditions, which might lead to failure (creep, 
crazing, loss of ductility, cracking, fissure and the like). It is a further object of the invention to provide a method for 
insulating the pressure-containing materials from the high temperature of the reactor containing the corrosive materials. 
Other objects and advantages of the present invention will be apparent to those skilled in the art and are intended to be 
embraced by the scope of the appended claims. 

35 To achieve the foregoing and other objects, the invention provides an apparatus for containing a high pressure, high 
temperature, corrosive reaction by: (1) providing an "inner reaction vessel", having an inlet port and an outlet port, which 
contains, for example, the supercritical water or supercritical water oxidation reactants, intermediates, and products, and 
is made of a material which is resistant to corrosion and can withstand high temperature, e.g. a super alloy lined with a 
chemical resistant material, (2) providing an "outer containment vessel", having an inlet port and an outlet port, which 

40 contains the high pressure at a temperature substantially lower than the "inner reactor", and is made of a material which 
is able to effectively contain high pressure, e.g., carbon steel, (3) providing a means for coupling the outer containment 
vessel inlet and outlet ports to the inner reaction vessel's inlet and outlet port, and (4) also, providing a means for coupling 
the outer containment vessel inlet and outlet ports to a fluid feed port and a fluid exit port, so that when the outer 
containment vessel is coupled to both the fluid feed and exit ports, as well as the inlet and outlet ports of the inner 

45 reaction vessel, the content of the inner reaction vessel is sealed off from the outer containment vessel. In addition, this 
invention may include means for insulating the outer containment vessel from the high temperatures of the inner reaction 
vessel by means of insulating materials located between the inner and outer vessels, and/or by an insulating fluid added 
between the inner and outer vessels, with means to cool the insulating fluid as needed to keep it below a specified 
maximum temperature. The insulating materials can be any high temperature-resistant commercial insulating product, 

so such as glass wool. The insulating fluid can be helium or any other inert gas. nitrogen, carbon dioxide, air and the like, 
or mixtures thereof. 

The insulating fluid is kept below a preset maximum temperature in order to prolong the life of the outer reaction 
vessel materials of construction. This may be further accomplished by routing the insulating fluid through a water-cooled 
heat exchanger (designed to compensate for the high-pressure of the insulating fluid). 
55 The inner reactor vessel materials of construction are resistant to high temperatures and to corrosive conditions, 
and include the broad range of high temperature-fired ceramics, glasses, corrosion-resistant metals such as titanium, 
corrosion-resistant metal alloys such as nickel-chromium-iron blends, and temperature and corrosion resistant compos- 
ites and polymers. More specific examples include any super alloy (Ni-Cr-Fe based alloy, e.g. Inconel™ X) lined with a 
chemical resistant layer such as Si0 2 ceramic. Si0 2 glass, aluminum metal, chromium metal, boride, carbide, blown 
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glass (100% SiOJ, titanium-based alloy, silicone carbide high temperature fired ceramic, and aluminum oxide high tem- 
perature fired ceramic. The outer containment vessel materials of construction, which serve to contain the pressure 
around the inner reaction vessel, include carbon steels, metal alloys and stress/strain-resistant polymers. 

The inner reaction vessel is, for example, a plug-flow type reactor, a continuous stirred-tank reactor, or a combination 
of several reactor types. Any appropriate means of heat exchange may be incorporated to transfer the heat of reaction 
to preheat the feed. A tubular coiled plug-flow reactor provides the additional advantage of absorbing the strain caused 
by temperature changes during start-up, operation and shut-down. 

Pumps for the feed streams, e.g. , the organic stream and the oxidant, may be piston-type or centrifugal-type pumps. 

The pressure between the inner and outer vessels may be regulated via a computerized feedback system which 
reads pressure transducers placed at appropriate locations in the system, and which operates a series of pumps and 
valves which serve to regulate the pressure in a manner known to those skilled in this art. The pressure between the 
inner and outer vessels is maintained such that the pressure drop across the walls of the inner reaction vessel are below 
a certain predetermined maximum allowable level based on the chosen materials of construction and the particular 
reaction conditions to prevent failure and to extend the life of the inner reaction vessel. 

The reactor feed mixture may be advantageously preheated via direct ohmic heating, heating tape, or a heat 
exchanger using steam. Alternatively, or in addition, a heat exchanger which transfers heats of reaction to the feed may 
be incorporated. 

A throttling valve may be used to adiabatically expand the product stream, thus, lowering its pressure and temper- 
ature. 

The outer surface of the outer containment vessel may additionally be cooled, e.g., with cooling water or air flow, to 
further assure that the temperature of the outer vessel materials do not exceed a preset maximum. 

DETAILED DESCRIPTION OF THE INVENTION 

The reactor 1 1 of the present invention is shown in Figures 1 and 2. It utilizes a ceramic, titanium, glass, metal alloy, 
or other corrosion-resistant material or lined composite to contain the supercritical water oxidation reaction in what is 
termed the "inner reactor", shown in Figure 1 in a partial perspective view and in Figure 2 as a cross-sectional view as 
component 10. This inner reactor 10 is coupled with what is termed an "outer containment vessel" 12, which is a vessel 
made of a metal alloy such as carbon steel to contain the pressure. The "inner reactor" 10 does not experience an 
appreciable pressure drop across its walls because the outer vessel 12 acts to surround the inner vessel 10 with an 
inert, temperature-insulating fluid (such as helium or nitrogen) at approximately the same pressure as the supercritical 
water oxidation reaction fluid inside the inner reactor 10. 

The inner reactor 1 0 is, in addition, advantageously coated on its outer surface with an appropriate insulating material 
14 which will further act to contain the high temperature of the supercritical water oxidation reaction inside the inner 
reactor 1 0. The insulating material 1 4 and the temperature-insulating fluid surrounding the inner reactor 1 0 maintain the 
outer vessel 1 2 at a more moderate (lower) temperature, serving to retain its ductility for a longer period. The separation 
of the outer vessel 12 and the inner reactor 10 also serves to restrict the corrosive conditions to the inner reactor's 10 
inner wall, protecting the outer vessel 12 from any corrosive conditions. 

In general, Pumps 16 and 18 deliver pressurized reactants, e.g., aqueous organic waste such as pulp mill sludge, 
municipal sludge, or other aqueous wastes, at ambient temperatures and pressure above about 3000 psi, and, e.g., 
oxidant supply 13 such as air, oxygen, or hydrogen peroxide, to connector 20, which connects the pumps' piping with 
the outer vessel 12, and which could be a wedged-type fitting. Reactant fluid mixture then flows from connector 20 to 
connector 22. Parts of the 20 and 22 connectors are, in this particular embodiment, continuous with the outer containment 
vessel 12, and may incorporate appropriate gaskets as needed. Connector 22 connects the outer vessel 12 with the 
inner reactor 10. 

Reactant mixture at point A is heated at the feed preheat zone to appropriate temperatures, e.g., between about 
300 and about 500°C, by heating element 24. Heating element 24 may be, for example, a battery-powered heating tape 
or direct resistive heating; or, alternatively, it may be a heat exchanger-type arrangement which would transfer heat from 
the exothermic heat of reaction, generated further downstream within inner reactor 10, to the feed at the preheat zone. 
Inner reactor 1 0 may be a plug-flow type reactor or a stirred-tank type reactor, or a variation/combination of the two. In 
inner reactor 10, reactants are exothermically converted to products, e.g., organic carbon is oxidized to carbon dioxide. 
Reaction products exit inner reactor 10 and flow through pressure-reduction valve 26, in which an adiabatic expansion 
occurs and the pressure and temperature both drop significantly. 

The exit fluid flows out through connectors 28 and 30, and residual heat is removed by appropriate means as desired, 
e.g., heat exchanger 32. It may be desirable to have pressure reduction valve 26 positioned downstream of connector 
28, inside or outside the outer vessel 12, depending on the materials of construction desired for valve 26 and their ability 
to withstand the pressure drop across the orifice and walls. 

Pump 34 delivers insulating fluid to the inside of outer containment vessel 12 as needed during start-up, run-time, 
and shut-down, to maintain near-zero pressure drop across the walls of inner reactor 10. In addition, a cooling means 
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36 may be employed such as a water-cooled heat exchanger to regulate the temperature of the insulating fluid. Make- 
up tank 38 provides a reservoir of insulating fluid. Valve 39 purges insulating fluid from the outer containment vessel 12 
as part of the pressure-regulating mechanism. 

Figure 3 shows, qualitatively, the temperature and pressure profiles along the inner reaction vessel 10. Temperature 

5 rises at the reactor preheat zone at point B due to heating element 24, and rises along inner reactor 1 0 due to the heat 
released in the exothermic supercritical water oxidation reaction (oxidization of organics to form carbon dioxide and 
water). The temperature drops at point C pressure reduction valve 26 due to essentially adiabatic expansion of the 
pressurized fluid. Further heat removal at point D at heat exchanger 32 leads to a further temperature drop. Along the 
length of the inner reactor 10, there will be a slight pressure drop which serves to move the fluid along the reactor. Also, 

10 a significant pressure drop occurs downstream of inner reactor 10 at point C at pressure reduction valve 26. 

Figure 4 shows, qualitatively, the temperature and pressure profiles through the outer containment vessel 12 and 
through a slice of the inner reactor 10. Moving from left to right on Fig. 4, there is substantial pressure rise at E across 
the left outer vessel (12) wall, negligible pressure change at F & G across the inner reactor (10) walls, and a large 
pressure drop to ambient pressure at H across right outer vessel (12) wall. 

15 Figure 5 shows an alternative embodiment 1 1 a in which inner reactor 1 0A contains a built-in heat exchanger, with 
concentric cylinders 50 and 52, which transfers the exothermic heat of reaction to the feed to further preheat the feed 
stream. In this alternative embodiment, insulation may be accomplished solely by the insulating fluid surrounding inner 
reactor/heat exchanger 10A as shown. 

20 EXAMPLE 1 

This example illustrates how a commercial supercritical water oxidation system could be built to treat pulp and paper 
mill sludges. 

The inner reactor is a tubular plug-flow type reactor made of Inconel™ X lined with an aluminum-oxide glass or 
25 ceramic coating which is stable at temperatures up to at least 700°C. This inner reactor is surrounded with temperature- 
insulating material such as glass wool. The outer containment vessel is carbon steel. The insulating fluid is nitrogen gas. 
A cooling mechanism exists for the nitrogen gas to keep its temperature below about 1 00 to 400°C. Pressure transducers 
located inside the inner reactor and inside the outer containment vessel feed a computerized feedback system which 
operates a series of pumps and valves which serve to regulate the pressure of the outer containment vessel to assure 
30 that the pressure drop across the walls of the ceramic inner reaction vessel is maintained below about 5 atm. The feed 
mixture consists of a pulp and/or paper mill sludge slurry containing 80-90% water. After the sludge feed is pressurized 
to about 3000 psi, pure oxygen gas is added in a stoichiometric ratio of about 2:1 and the mixture is subsequently pre- 
heated to 300-400°C as it enters the inner reactor, where it reacts exothermically to form C0 2 and Hfi at a temperature 
in the range of 400-700°C. Upon leaving the reactor, the product mixture enters a throttling valve, essentially expanding 
35 adiabatically and thus lowering its temperature and pressure. Further cooling means via a water-cooled shell -and-tube 
heat exchanger serves to cool the product stream enough to recover the C0 2 and discharge (or store or recycle) the 
product water. 

Variations to Example 1 will be apparent to those skilled in the art. For example, the inner reactor may be made of 
blown glass. In addition, the inner reactor may contain a built-in heat exchanger which transfers the exothermic heat of 
40 reaction to the feed to preheat the feed. The insulating fluid may be helium, nitrogen, air, carbon dioxide, or mixtures 
thereof. The feed stream may be municipal sludge. 

Although a preferred embodiment of the invention has been described in some detail, many modifications and var- 
iations of the preferred embodiment will be apparent to those skilled in the art and can be made without departing from 
the invention. Therefore, it is to be understood that the invention is intended to include such modifications and variations 
45 as fall within the broad scope of the appended claims. 

Claims 

1. Reactor apparatus for containing a high temperature, high pressure, corrosive reaction, comprising: 

50 

a. an outer containment vessel having an inlet port and an outlet port and being capable of withstanding high 
pressure conditions for an extended period; 

b. an inner reaction vessel having an inlet port and an outlet port and being capable of withstanding corrosive 
reaction conditions for an extended period; 

55 c. means for coupling said outer containment vessel inlet and outlet ports to said inner reaction vessel inlet and 

outlet ports; 

d. said outer containment vessel also having means to couple its inlet and outlet ports to a fluid feed port and 
a fluid exit port; 
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whereby, when said outer containment vessel is coupled to fluid feed and fluid exit ports and to the inner reaction 
vessel inlet and outlet ports, said inner reaction vessel interior is sealed off from the interior of said outer containment 
vessel. 

5 2. Apparatus according to Claim 1 further including heat insulation means between the inner reaction vessel and the 
outer containment vessel. 

3. Apparatus according to Claim 2 in which means for heat insulation comprises one or more of the following: 

10 a. heat insulating material surrounding the outer side of said inner reaction vessel; 

b. heat insulating material surrounding the inner side of said outer containment vessel; 

c. inert insulating fluid contained in said outer containment vessel and surrounding said outer side of said inner 
reaction vessel; or 

d. cooling means which continually removes heat from said inert insulating fluid. 

15 

4. The apparatus of Claim 3 wherein an inert insulating fluid is used selected from the group consisting of helium, 
nitrogen, air, carbon dioxide and mixtures including two or more thereof. 

5. Apparatus according to Claim 1 in which said inner reaction vessel comprises a material resistant to corrosive 
20 reaction under reaction conditions. 

6. Apparatus of Claim 5 wherein said corrosion resistant material is selected from the group consisting of any super 
alloy (Ni-Cr-Fe based alloy, e.g. Inconel™ X), super alloy lined with a chemical resistant layer (such as SiO z ceramic, 
Si0 2 glass, aluminum metal, chromium metal, boride, or carbide), blown glass, titanium-based alloy, silicone carbide 

25 high temperature fired ceramic, and aluminum oxide high temperature fired ceramic, ceramic composites, titanium- 
based or other metal alloys, and specialty polymers, or combinations thereof. 

7. Apparatus according to Claim 1 in which said outer containment vessel comprises a material that withstands high 
pressure under conditions of use. 

30 

8. Apparatus of Claim 7 wherein said pressure withstanding material is selected from the group consisting of carbon 
steels, metal alloys, and stress/strain-resistant polymers or composites. 

9. Apparatus of Claim 1 in which said inner reaction vessel comprises: 

a. a continuous stirred tank reactor; 

b. a plug-flow type reactor; 

c. a plug-flow type reactor with heat exchanger system which transfers downstream heat of reaction to upstream 
(cooler) feed; 

d. a tubular coiled reactor designed to withstand strain due to temperature changes in reactor materials; or 

e. combinations of two or more of the foregoing. 

10. Apparatus of Claim 1 in which said feed comprises a pump selected from piston-type pumps or centrifugal -type 
pumps. 

45 

1 1 . Apparatus of Claim 4, further comprising means to regulate the pressure of the inert temperature-insulating fluid. 

12. Apparatus of Claim 1 1 wherein said pressure regulation means comprises a computerized feedback system which 
reads pressure transducers inside inner reaction vessel and inside outer containment vessel, said feedback system 

so operating a series of pumps and valves which serve to regulate the pressure of the outer containment vessel to 
assure that the pressure drop across the walls of the inner reaction vessel is maintained below a certain predeter- 
mined maximum allowable level to prevent failure and extend life of the inner reaction vessel. 

13. Apparatus of Claim 1 further comprising a feed preheat zone upstream of the inner reaction vessel. 

55 

14. Apparatus of Claim 1 further comprising a throttling valve which serves to lower its pressure and temperature adi- 
abatically of said fluid product. 

15. Apparatus of Claim 1 further comprising means for cooling the outer surface of said outer containment vessel. 
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1 6. Apparatus of Claim 1 further comprising a built-in heat exchanger as part of the inner reactor which serves to transfer 
the exothermic heat of reaction to the feed stream to further preheat the mixture. 
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